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We study the effects of parity-time(PT )-symmetry on the photon blockade and distinguish the
different blockade mechanisms in a double-cavity optomechanical system. By studying the light
statistics of the system, we find the completely different photon blockade behaviors when the PT -
symmetry is broken or unbroken, which is related to the PT phase transition. Furthermore, an inter-
esting phenomenon that the two cavities are blocked at the same time is found with the appropriate
system parameters. Those statistical phenomenons are all analyzed in detail and demonstrated
by analytically solving the Schro¨dinger equation and numerically simulating the master equation,
respectively. Finally, we also consider the non-PT symmetric situations which further reveal the
physical essence of the photon blockade by comparing those results. Different from the usual photon
blockade, our proposal is feasible even with weak parameter mechanism, i.e., the proposal neither
requires the strong optomechanical coupling nor the large tunneling coupling between cavities.
PACS numbers: 42.50.Wk, 07.10.Cm, 42.50.Ar
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I. INTRODUCTION
Cavity optomechanics [1–5] has made great success
in the exploration of macroscopic quantum effects and
the study of interaction between electromagnetic radia-
tion and micromechanical motion over the past decades.
Various cavity optomechanical systems [6–11] have been
proposed and become the remarkable platforms to study
the questions of quantum mechanics on the macroscopic
scale, such as the ground-state cooling [12–17], mechani-
cal quadrature squeezing [18–21], macroscopic entangle-
ment [22–25], quantum superposition state of the me-
chanical resonator [26–28], etc. In addition, the electro-
magnetic field (optical part) of the cavity optomechani-
cal system is also affected by the motion of the mechan-
ical resonator. Some researches have attracted signif-
icant attention, such as the optomechanically induced
transparency [29–31], normal-mode splitting [32], photon
blockade [33–39], etc. Of these studies, the photon block-
ade is a particularly important nonclassical light statis-
tic effect and can be used to generate the single photon
source for those fundamental studies in quantum infor-
mation processing and quantum optics fields.
To this end, there are two general ideas: (i) the anhar-
monicity of eigenenergy spectrum coming from kinds of
nonlinearities, which is called as the conventional pho-
ton blockade (CPB); (ii) the destructive quantum in-
terference between two different transition paths, which
is called as the unconventional photon blockade (UPB).
The first physical mechanism for achieving blockade has
been studied theoretically [40–44] and realized experi-
mentally in various systems [45–47]. Besides, due to
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the nonlinear optomechanical interaction, the optome-
chanical systems can also be used to achieve the pho-
ton blockade effect [33–39]. However, it is worth noting
that the study of photon blockade in an optomechanical
system requires the strong optomechanical coupling con-
dition, which still poses major technological challenges.
On the other hand, the physical mechanism of the de-
structive quantum interference for achieving blockade has
been proposed [48] and studied extensively in previous
years [49–58]. Recently, it has been observed experimen-
tally in coupled quantum-dot-cavity system [59]. Based
on the theory, the UPB has also been studied in vari-
ous double-cavity optomechanical systems [60–63]. It is
worth noting that the UPB usually requires the large cou-
pling strength between the two components [56], which
structure the different transition paths. In a word, the
usual photon blockade requires strong parameter mecha-
nism, i.e., large nonlinearity or strong coupling in differ-
ent blockade mechanism. So how to break the limitation
of strong parameter mechanism will be beneficial to the
experimental realization.
Moreover, the PT -symmetric system exists plenty of
interesting physical behaviors [64, 65] and has been stud-
ied in various physical fields [66–76]. Ref. [53] has studied
the enhancement of photon blockade in a PT -symmetric
coupled-cavity system. Naturally, the study of the PT -
symmetry in cavity optomechanics has also attracted
much attention in recent years, such as the phonon
laser [77], chaos [78], optomechanically induced trans-
parency [79–81], metrology [82], etc. Of these propos-
als, the PT -symmetric optomechanical systems usually
consist of two optical cavities and one mechanical mode;
namely, the linear double-cavity optomechanical system,
where the passive optical cavity is coupled to the me-
chanical resonator. In this way, studying the effects of
PT -symmetry on the photon blockade in optomechani-
cal system will be interesting and important, and has not
yet been reported so far.
2In this paper, we focus on studying the effects of PT -
symmetry on the photon blockade in a double-cavity op-
tomechanical system, where the optomechanical cavity is
passive and the other one is an active cavity. We obtain
the equal-time second-order correlation functions of the
photon via analytically solving the Schro¨dinger equation
or numerically simulating the master equation, where the
analytical and numerical results agree with each other
very well. We find that the two cavities can be blocked
simultaneously with appropriate system parameters and
the photon blockade behaviors are completely different in
the different PT phase regions, i.e., the correlation has
three dips in the unbrokenPT -symmetric region, while in
the broken PT -symmetric region, there is only one dip.
To explore and distinguish the deeply physical mecha-
nisms of the different photon blockade behaviors, we an-
alyze the PT -symmetric double-cavity optomechanical
system by utilizing the theories of CPB and UPB, re-
spectively. We find that, in the unbroken PT -symmetric
region, the three dips come from the anharmonicity of
eigenenergy spectrum and the destructive quantum in-
terference between paths, which correspond to the CPB
and UPB, respectively. However, in the broken PT -
symmetric region, the only one dip belongs to the UPB,
which comes from the destructive quantum interference
between paths. In addition, the present UPB is slightly
different from the usual theory, where the interference
paths are not affected by the PT -symmetry. Finally,
we also take into account the situations of non-PT sym-
metry: (i) double passive cavity; (ii) unequal detunings
(different cavity resonance frequencies). We find that the
balance gain-loss ratio is the main reason for the perfect
photon blockade and the different detunings just change
the location of the perfect photon blockade. Further-
more, the perfect photon blockade would not be achieved
under the weak parameter mechanism if the balance is
broken.
The paper is organized as follows: In Sec. II, we de-
rive the Hamiltonian of the PT -symmetric double-cavity
optomechanical system. In Sec. III, we analytically and
numerically solve the equal-time second-order correlation
functions and analyze the effects of PT phase transition
on the photon blockade. In Sec. IV, we discuss the photon
blockade behavior when the system is non-PT symmet-
ric. Finally, a conclusion is given in Sec. V.
II. SYSTEM AND HAMILTONIAN
Inspired by the studies about the PT -symmetric op-
tomechanical systems [77–82], we consider a double-
cavity optomechanical system, as depicted in Fig. 1,
where one optical cavity is passive and coupled to the
mechanical resonator with single photon optomechanical
coupling strength g, and the other one is an active cav-
ity coupled to the passive cavity with tunneling coupling
strength J , which can be controlled by changing the dis-
tance between the whispering-gallery resonators [83]. In
1a2a b
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m
g
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FIG. 1: Schematic diagram of the PT -symmetric double-
cavity optomechanical system comprised of the whispering-
gallery resonators.
the presence of the external driving field, the total Hamil-
tonian for the system is written as (~ = 1)
H = ω1a
†
1a1 + ω2a
†
2a2 + ωmb
†b+ J(a†1a2 + a1a
†
2)
−ga†1a1(b† + b) + (Ea†1e−iωlt + E∗a1eiωlt), (1)
where aj (b) and a
†
j (b
†) represent the annihilation and
creation operators for the j-th optical (mechanical) mode
with frequency ωj (ωm), respectively (j = 1, 2). E =√
2κ1P/(~ωl) is the driving amplitude of the input laser
with frequency ωl and power P , and κ1 is the decay
rate of the passive cavity 1. The gain rate of the ac-
tive cavity (cavity 2) is κ2 which can be fabricated by
pumping Er3+ ions in microtoroid resonator of Er3+-
doped silica [83–85]. In the rotating frame defined by
V1 = exp[−iωlt(a†1a1 + a†2a2)], the transformed Hamilto-
nian H1 = V
†
1 HV1 − iV †1 V˙1 reads
H1 = ∆1a
†
1a1 +∆2a
†
2a2 + ωmb
†b+ J(a†1a2 + a1a
†
2)
−ga†1a1(b† + b) + (Ea†1 + E∗a1), (2)
where ∆j = ωj − ωl is the j-th cavity-laser detun-
ing. In the displacement representation of the me-
chanical mode, defined by the canonical transformation
V2 = exp[g/ωma
†
1a1(b
† − b)], the transformed Hamilto-
nian H2 = V
†
2 H1V2 is
H2 = ∆1a
†
1a1 +∆2a
†
2a2 + ωmb
†b− g
2
ωm
(a†1a1)
2
+J [a†1a2e
−
g
ωm
(b†−b) + a1a
†
2e
g
ωm
(b†−b)]
+[Ea†1e
−
g
ωm
(b†−b) + E∗a1e
g
ωm
(b†−b)]. (3)
Under the weak optomechanical coupling condition (g ≪
ωm), those exponential factors of Eq. (3) can be approx-
imately omitted (all the approximates will be validated
later via numerical simulation). Then the Hamiltonian
can be rewritten as
H3 = ∆1a
†
1a1 +∆2a
†
2a2 + ωmb
†b− g
2
ωm
(a†1a1)
2
+J(a†1a2 + a1a
†
2) + (Ea
†
1 + E
∗a1), (4)
3which indicates that the mechanical resonator is decou-
pled from the system; namely, the evolutions of optical
and mechanical parts are independent. So the state of
the system is a separable state, which can be written
as |ψ〉|nˆm〉 =
∑
n1,n2
Cn1n2 |n1, n2〉|nˆm〉, where nj rep-
resents the photon number in j-th cavity and |nˆm〉 =
V †2 |nm〉 is the mechanical displaced Fock state related to
the photon number of cavity 1. In Hamiltonian (4), the
part of the mechanical resonator can be ignored when we
only care about the optical properties of the system. The
reduced Hamiltonian reads
H4 = ∆1a
†
1a1 +∆2a
†
2a2 −
g2
ωm
(a†1a1)
2
+J(a†1a2 + a1a
†
2) + (Ea
†
1 + E
∗a1), (5)
which is similar to the coupled cavity system consisting of
a linear cavity and a Kerr-type nonlinear cavity [86, 87],
where the Kerr-type nonlinear strength is related to the
mechanical resonator.
III. PHOTON BLOCKADE IN THE
PT -SYMMETRIC OPTOMECHANICAL SYSTEM
A. Analytical solution
Here, the system we consider is a PT -symmetric
double-cavity optomechanical system, which includes a
passive cavity and an active cavity. Naturally, the non-
Hermitian Hamiltonian can be written by adding phe-
nomenologically the imaginary decay and gain terms into
the original Hamiltonian. Furthermore, due to the added
imaginary terms have no effect on the previous calcula-
tion process, the reduced non-Hermitian Hamiltonian can
be directly written as
HNM = (∆1 − iκ1
2
)a†1a1 + (∆2 + i
κ2
2
)a†2a2 −
g2
ωm
(a†1a1)
2
+J(a†1a2 + a1a
†
2) + (Ea
†
1 + E
∗a1). (6)
To satisfy the PT -symmetry and simplify the next cal-
culation, we set ∆1 = ∆2 and κ1 = κ2. The dynamical
evolution of the optical components is calculated via the
Schro¨dinger equation i∂|ψ(t)〉/∂t = HNM|ψ(t)〉, where
|ψ(t)〉 is the time-dependent photon state of the coupled
cavities. Under the weak driving condition, we can re-
strict the total photon number within the low-excitation
subspace up to 2. At this time, the time-dependent pho-
ton state |ψ(t)〉 can be expressed as
|ψ(t)〉 = C00(t)|0, 0〉+ C10(t)|1, 0〉+ C01(t)|0, 1〉
+C20(t)|2, 0〉+ C11(t)|1, 1〉+ C02(t)|0, 2〉, (7)
where Cn1n2(t) is the probability amplitude for the cou-
pled cavities being in the state |n1, n2〉. Utilizing the
above Schro¨dinger equation, we can get a set of linear
differential equations for the probability amplitudes
i
∂C10
∂t
= (∆1 − iκ1
2
− g
2
ωm
)C10 + JC01 + E +
√
2E∗C20,
i
∂C01
∂t
= (∆1 + i
κ1
2
)C01 + JC10 + E
∗C11,
i
∂C20
∂t
= 2(∆1 − iκ1
2
− 2g
2
ωm
)C20 +
√
2JC11 +
√
2EC10,
i
∂C11
∂t
= (2∆1 − g
2
ωm
)C11 +
√
2J(C20 + C20) + EC01,
i
∂C02
∂t
= 2(∆1 + i
κ1
2
)C02 +
√
2JC11. (8)
Here, it has the fact {C20, C11, C02} ≪ {C10, C01} ≪ C00
and we thus can set C00 ≃ 1 due to the weak driving
assumption. Next, by ignoring higher-order terms E∗C20
and E∗C11, the steady-state solution can be obtained
approximatively
C10 =
2ωmE(2∆1 + iκ1)
2g2(2∆1 + iκ1)− ωm(4∆21 + κ21 − 4J2)
,
C01 =
−4JωmE
2g2(2∆1 + iκ1)− ωm(4∆21 + κ21 − 4J2)
,
C20 = 2
√
2ω2mE
2(2∆1 + iκ1)
2(g2 − 2∆1ωm)/M,
C11 = 16Jω
2
mE
2(2∆1 + iκ1)(∆1ωm − g2)/M,
C02 = 16
√
2J2ω2mE
2(g2 −∆1ωm)/M, (9)
with
M = [2g2(2∆1 + iκ1)− ωm(4∆21 + κ21 − 4J2)]
×[4g4(2∆1 + iκ1) + 2∆1ω2m(4∆21 + κ21 − 4J2)
−g2ωm(20∆21 + 8i∆1κ1 + κ21 − 8J2)]. (10)
Normally, the photon blockade effect is usually character-
ized by the equal-time second-order correlation function
g
(2)
j (0) = 〈a†ja†jajaj〉/〈a†jaj〉2, which characterizes the
probability of detecting two photons at the same time.
Here, we have the photon bunching effect for g
(2)
j (0) > 1
and the photon antibunching effect for g
(2)
j (0) < 1. On
the other hand, the cross correlation function between
the two cavities can be also calculated by g
(2)
12 (0) =
〈a†1a†2a2a1〉/(〈a†1a1〉〈a†2a2〉), which represents the proba-
bility that each cavity has one photon at the same time.
Then the steady-state correlation functions of the two
cavities can be analytically obtained via the steady-state
solution of the Schro¨dinger equation, respectively, and
are given by
g
(2)
1 (0) =
2|C20|2
(|C10|2 + |C11|2 + 2|C20|2)2 ≃
2|C20|2
|C10|4 ,
g
(2)
2 (0) =
2|C02|2
(|C01|2 + |C11|2 + 2|C02|2)2 ≃
2|C02|2
|C01|4 ,
4g
(2)
12 (0) = |C11|2/[(|C10|2 + |C11|2 + 2|C20|2)
×(|C01|2 + |C11|2 + 2|C02|2)]
≃ |C11|
2
|C10|2|C01|2 =
2|C02|2
|C01|4 , (11)
where g
(2)
1 (0) and g
(2)
2 (0) are the steady-state correlation
functions of the passive cavity and the active cavity, re-
spectively. g
(2)
12 (0) is the cross correlation function of the
two cavities, which equals g
(2)
2 (0) approximately. Com-
bining the above expressions with Eq. (9), it is easy to
find that the perfect photon blockade can be achieved
in the PT -symmetric double-cavity optomechanical sys-
tem when the detuning ∆1 equals a determined value,
which is related to the single photon optomechanical cou-
pling strength and mechanical frequency. That is to say,
when the detuning satisfies ∆1 = g
2/(2ωm), the ampli-
tude C20 = 0, showing that the perfect photon blockade
of the passive cavity 1 occurs. Similarly, when the de-
tuning is set as ∆1 = g
2/ωm, the correlation functions
g
(2)
2 (0) = g
(2)
12 (0) = 0 are obtained.
B. Numerical simulation
The exact solution of the photon blockade can also
be obtained via numerical simulation, which utilizes the
quantum master equation with the initial Hamiltonian
H1. The dynamics of the system is described by the
quantum master equation as
ρ˙ = −i[H1, ρ] + κ1L[a1]ρ− κ2L[a2]ρ
+γm(nth + 1)L[b]ρ+ γmnthL[b†]ρ, (12)
where L[o]ρ = oρo† − (o†oρ + ρo†o)/2 is the standard
Lindblad operator for the arbitrary system operator o.
The negative sign in front of κ2 indicates that the cav-
ity 2 is an active cavity. γm is the damping rate of the
mechanical resonator. nth = {exp[~ωm/(kBT )]− 1}−1 is
the mean thermal excitation number of the mechanical
resonator at temperature T , where kB is the Boltzmann
constant. Under the limit of a long time, we can obtain
the steady-state density matrix ρs of the PT -symmetric
double-cavity optomechanical system. Meanwhile, the
steady-state correlation functions are given by
g
(2)
1 (0) =
Tr(a†1a
†
1a1a1ρs)
[Tr(a†1a1ρs)]
2
,
g
(2)
2 (0) =
Tr(a†2a
†
2a2a2ρs)
[Tr(a†2a2ρs)]
2
,
g
(2)
12 (0) =
Tr(a†1a
†
2a2a1ρs)
Tr(a†1a1ρs)Tr(a
†
2a2ρs)
. (13)
Next, we strictly validate the validity of our previous
calculations by comparing all the results of correlation
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FIG. 2: The equal-time second-order correlation functions
versus the detuning (left column) or versus both the de-
tuning and the optomechanical coupling strength (right col-
umn). In the left column, the solid black lines are the analyt-
ical solutions of the correlation functions defined as Eq. (11)
and the red squares represent the numerical simulation re-
sults by the master function Eq. (12) with the Hamiltonian
H1, respectively. In the right column, the dashed white
line is the optimal detuning changing with the optomechan-
ical coupling strength. The system parameters are set as
T = 1 mK, κ1 = 2pi MHz, κ2 = κ1, ∆2 = ∆1, ωm = 100κ1,
γm = ωm/10
6, J = 0.5κ1, g = 3κ1, and E = 0.01κ1.
functions, which come from the analytical solutions and
the numerical simulations with the Hamiltonian H1 un-
der the weak driving condition (see the left column in
Fig. 2). The numerical simulations are in good agree-
ment with the analytical solutions for the correlation
functions g
(2)
1 (0), g
(2)
2 (0), and g
(2)
12 (0). In addition, the
correlation functions versus both the detuning and the
optomechanical coupling strength are shown in the right
column of Fig. 2. The results indicate that the perfect
photon blockade can be achieved when the detuning sat-
isfies the optimal condition: ∆1 = g
2/(2ωm) for g
(2)
1 (0)
and ∆1 = g
2/ωm for g
(2)
2 (0) and g
(2)
12 (0) (see the dashed
white line in the right column of Fig. 2). It is worth not-
ing that the perfect photon blockade can be achieved with
the weak single photon optomechanical coupling strength
(g ≪ ωm), which breaks the limits of strong coupling in
the usual single-cavity optomechanical systems [33–39].
Moreover, there has an interesting phenomenon due to
the similar behaviors of the correlation functions g
(2)
2 (0)
50,1
1,0
0,1
1,0
0,2
1,1
2,0
2
1
m
g
w
D =
2
1
2
m
g
w
D =
FIG. 3: The perfect photon blockade with the different de-
tunings.
and g
(2)
12 (0), i.e., g
(2)
2 (0) = g
(2)
12 (0) = 0 when the detuning
satisfies ∆1 = g
2/ωm. The excitations of both cavities
are blocked simultaneously when the state of the coupled
cavities is |0, 1〉. That means the system no longer ab-
sorbs energy to excite the optical cavities until the state
of the coupled cavities is changed. That is to say, when
the only photon is transmitted to cavity 1, the system
might be possible to be further excited through the cav-
ity 1. On the other hand, for ∆1 = g
2/(2ωm), the per-
fect blockade occurs only in the cavity 1. This means
that when the state of the coupled cavities is |1, 0〉, the
system can be further excited only through the cavity 2.
However, when the state of the coupled cavities is |0, 1〉,
the system can be further excited through any one of the
two cavities. The phenomenon is clearly shown in Fig. 3.
It is worth noting that the imperfect photon blockade
of any cavity can still be obtained in the vicinity of the
optimal detuning due to the fact that all the correlation
functions are less than 1.
Finally, to characterize the nature of the photon emis-
sion, we also calculate the delayed second-order correla-
tion functions in the steady state. The delayed second-
order correlation functions are defined by g
(2)
j (τ) =
〈a†j(0)a†j(τ)aj(τ)aj(0)〉/〈a†j(0)aj(0)〉2, where τ is a finite-
time delay. The results of the delayed second-order
correlation function for different cavities are shown in
Fig. 4. One can see from Fig. 4 that the value of the
delayed second-order correlation function gradually in-
creases with the increase of the time delay and it al-
ways exceeds 1 when the time delay is long enough. The
main reason for this is the existence of the gain in PT -
symmetric double-cavity optomechanical system. While
for the system consisting only decay cavities without
gain, the delayed second-order correlation function of the
no-gain system is finally stabilized at 1 with the increase
of the time delay [44, 52, 56]. The deeper physical mech-
anism of the present results needs to be further studied
and explored in the future.
C. The effect of PT phase transition
As we all know, the PT -symmetric systems exist
the interesting spontaneous PT -symmetry breaking be-
0 2 4 6
κ1τ
0
0.5
1
1.5 g(2)1 (τ )
g
(2)
2 (τ )
g
(2)
12 (τ )
FIG. 4: The delayed second-order correlation functions for
different cavities versus the time delay κ1τ , where the de-
tuning is respectively set as ∆1 = g
2/(2ωm) for g
(2)
1 (τ ) and
∆1 = g
2/ωm for g
(2)
2 (τ ) and g
(2)
12 (τ ). The other parameters
are same as in Fig. 2.
haviour, which comes from the variation of the system
parameters and it is determined via checking the eigen-
value. In order to study the effect of PT phase transition
on the photon blockade, we should first find the thresh-
old of the spontaneous PT -symmetry breaking. To this
end, we expand the non-Hermitian Hamiltonian without
the driving terms, HND = (∆1 − iκ1/2)a†1a1 + (∆2 +
iκ2/2)a
†
2a2− g2/ωm(a†1a1)2+J(a†1a2+a1a†2), by the vec-
tor a = [a1, a2]
T . Ignoring the weak nonlinear term
g2/ωm(a
†
1a1)
2, the result reads
h =
(
∆1 − iκ12 J
J ∆2 + i
κ2
2
)
, (14)
where a†ha is the approximate Hamiltonian. Under the
condition of satisfying PT -symmetry, i.e., ∆1 = ∆2
and κ1 = κ2, the eigenvalues of the matrix h are
ε± = ∆1 ±
√
J2 − (κ1/2)2, which are real only when
J > κ1/2. So the PT phase transition point is approx-
imately J = κ1/2, which is also called as exceptional
point. Meanwhile, the PT symmetry can be roughly di-
vided into two different regions: the unbroken (J > κ1/2)
and broken (J < κ1/2) PT -symmetric regions.
In Fig. 5, we show the equal-time second-order cor-
relation function of the passive cavity 1 in the different
PT -symmetric regions, where Fig. 5(a) belongs to the
broken PT -symmetric region and Fig. 5(b) belongs to the
unbroken PT -symmetric region. It is easy to find that
the photon blockade behaviors are different in the differ-
ent PT -symmetric regions. One can see from Fig. 5(a)
that there is one dip in the broken PT -symmetric region,
while three dips occur in the unbroken PT -symmetric re-
gion, as shown in Fig. 5(b). To clearly show the effect
of the PT phase transition on the correlation function of
the passive cavity 1, we also show the correlation func-
tion changing with the detuning and the photon tun-
neling coupling strength in Fig. 5(c). It is clear to find
that, except for the dip located at the optimal detuning
(the middle one), the other two dips on both sides of the
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FIG. 5: The equal-time correlation function of the passive
cavity 1 in the different PT -symmetric phases. (a) and (b)
represent the correlation function changing with the detuning
for different J , which correspond to the broken PT -symmetric
region and the unbroken PT -symmetric region, respectively.
The solid black line is the analytical solution of the correla-
tion function g
(2)
1 (0) defined in Eq. (11), and the red squares
represent the numerical simulation result by the master func-
tion Eq. (12) with the Hamiltonian H1. (c) The correlation
function g
(2)
1 (0) versus both the detuning and the coupling
strength between the two cavities. The dashed white line
is the optimal parameters, which come form the theory of
CPB. The solid blue line represents the PT phase transition,
which divides the system into the broken and unbroken PT -
symmetric regions. (d) The distributed probabilities of states
|1, 0〉 and |2, 0〉 versus the detuning for J = 0.7κ1. The other
parameters are same as in Fig. 2.
optimal detuning occur only when the system is in the
unbroken PT -symmetric region.
To explain the photon blockade effect in the PT -
symmetric double-cavity optomechanical system, we ex-
pand the non-Hermitian Hamiltonian without the driv-
ing term in different excitation subspaces. In the zero-
excitation subspace, the eigenvalue equation of the sys-
tem is HND|φ0〉 = ε0|φ0〉, where |φ0〉 is the eigenstate
and ε0 = 0 is the eigenvalue. Similarly, in the single-
excitation subspace {|1, 0〉, |0, 1〉}, the eigenvalue equa-
tion of the system is HND|φ1±〉 = ε1±|φ1±〉 and the ma-
trix form of HND is written as
HND =
(
∆1 − iκ12 − g
2
ωm
J
J ∆2 + i
κ2
2
)
. (15)
Under the condition of satisfying PT -symmetry, i.e.,
∆1 = ∆2 and κ1 = κ2, the eigenvalues ε1± can be given
approximatively as
ε1± ≃ ∆1 − g
2
2ωm
±
√
J2 − (κ1
2
)2. (16)
According to the theory of CPB, for the resonant tran-
sitions between the zero-excitation and single-excitation
0e
1e +
1e -
2e +
2e
2e -
(a)
E
0, 0
1, 0
1,12, 0
(b)
0,1
E
E
E
J
J
Loss Gain
FIG. 6: Level diagram of the photon state for the PT -
symmetric optomechanical system. (a) Dressed state. (b)
Bare state.
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∆1/κ1
0
1
2
g
(2
)
1
(0
)
J = 0
J = 0.1κ1
J = 0.4κ1
J = 0.6κ1
J = 0
J = 0.1κ1
J = 0.4κ1
J = 0.6κ1
Analytical Numerical
FIG. 7: The equal-time correlation function of the passive
cavity 1 versus the detuning with different J . The other pa-
rameters are the same as in Fig. 2.
states [see Fig. 6(a)], we can obtain the optimal rela-
tions ε1± − ε0 = 0 for the photon blockade. Moreover,
the photon transitions of the higher-excitation state is
off-resonant due to the anharmonicity of the eigenenergy
spectrum. So the optimal photon blockade occurs when
the system parameters satisfy the optimal relations. This
can be verified via showing the probability amplitude of
the single-excitation state, as shown in Fig. 5(d). We
can see that, when the single-excitation is resonant, the
amplitude of the state |1, 0〉 reaches the peaks, which
correspond to the resonance of different single-excitation
eigenvalues, respectively. For the same photon tunnel-
ing coupling J , the locations of the peaks for the am-
plitude of the single-excitation state correspond to the
locations of the optimal CPB [see Fig. 5(b,d)]. The opti-
mal relations for the single-excitation resonance are also
shown in Fig. 5(c) (see the dashed white line) in which
they agree very well with the results of the photon block-
ade. Therefore, we can conclude that the two dips of the
correlation function located at both side come from the
single-excitation resonance, and belong to the CPB and
only occur in the unbroken PT -symmetric region.
On the other hand, the middle dip of the correla-
tion function g
(2)
1 (0) is located at the optimal detuning
7∆1 = g
2/(2ωm) whether the PT -symmetry is broken
or not, as shown in Fig. 5(a-c). To explore the reason
for the photon blockade located at the optimal detun-
ing, we draw the energy level of the bare photon state
in Fig. 6(b). According to the theory of UPB, for the
destructive interference between different paths of two-
photon excitation, we show the different paths with dif-
ferent color arrows. For the PT -symmetric double-cavity
optomechanical system, the two paths suffer from differ-
ent effects according to the PT -symmetry, i.e., photon
loss in the path |1, 0〉 → |2, 0〉 and photon gain in the path
|1, 0〉 → |0, 1〉 → |1, 1〉 → |2, 0〉. That is different from
the usual UPB. Through the calculation in Sec. III A, we
find that the perfect photon blockade of arbitrary cavity
can be achieved when the detuning is chosen properly.
Although it is slightly different from the usual UPB, the
perfect photon blockade located at the optimal detuning
also come from the destructive interference between dif-
ferent paths, where the photon gain enhances the inter-
ference path resulting in the perfect photon blockade oc-
curring even with the weak parameter mechanism. That
can be further found in Fig. 7, which show that the cor-
relation function of the passive cavity 1 g
(2)
1 (0) changes
with the detuning for different photon tunneling coupling
strengths (J/κ1 = 0, 0.1, 0.4, 0.6). We can see that,
when the system is reduced to single-cavity optomechan-
ical system (J/κ1 = 0), the perfect photon blockade is
non-existent (see the dashed black line and black penta-
gram line in Fig. 7). But when the second active cavity is
added, the perfect photon blockade occurs at the optimal
detuning. And the width of dip located at optimal detun-
ing increases with the increase of the photon tunneling
coupling strength. When the coupling strength contin-
ues to increase to be larger than the PT phase transition
point, the other two dips of the correlation function oc-
cur just as in the unbroken PT -symmetric region (see the
pecked magenta line and magenta triangle in Fig. 7). In
contrast to the usual UPB, the present photon blockade
is slightly different, where the interference paths are af-
fected by PT -symmetry and the perfect photon blockade
can be achieved even with the weak parameter mecha-
nism.
IV. NON-PT SYMMETRY
In the above section, we study the photon blockade
phenomenon in PT -symmetric double-cavity optome-
chanical system and find the different blockade behav-
iors when the PT phase transition occurs. Here, as a
comparison, we focus on the study of the photon block-
ade in non-PT symmetric double-cavity optomechanical
system. There are two kinds of non-PT symmetric situ-
ations: κ1 6= κ2 or ∆1 6= ∆2.
For the first kind of the non-PT symmetric double-
cavity optomechanical system κ1 6= κ2, we calculate the
correlation function of the cavity 1 via simulating the
master equation [Eq. (12)] numerically, and show the
-1 0 1
∆1/κ1
0
1
2
g
(2
)
1
(0
)
κ2 = κ1
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∆2 = ∆1 + 3g
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∆2 = ∆1 + 5g
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(b)
FIG. 8: The equal-time correlation function of the passive
cavity 1 versus the detuning in non-PT symmetric optome-
chanical system. (a) κ1 6= κ2 and ∆1 = ∆2. (b) κ1 = κ2 and
∆1 6= ∆2. The other parameters are the same as in Fig. 2.
results in Fig 8(a). The results indicate that the per-
fect photon blockade located at the optimal detuning
is achieved only when the gain-loss ratio is balance [see
the black pentagram line in Fig. 8(a)]. However, when
both of the cavities are passive, the photon blockade phe-
nomenon in the cavity 1 is unobvious [see the red square
line in Fig. 8(a)]. And the corresponding analytical solu-
tion is given in Appendix A, which proves that the per-
fect photon blockade cannot be achieved with the weak
parameter mechanism when the two cavities are all pas-
sive. In addition, when the cavity 2 is an active cavity,
the photon blockade phenomenon becomes more obvious
for some certain detunings even with unbalance gain-loss
ratio [see the blue circle line and the magenta triangle
line in Fig. 8(a)]. Therefore, the balance gain-loss ratio
is a necessary condition for the occurrence of the perfect
photon blockade with the weak parameter mechanism.
On the other hand, the non-PT symmetric double-
cavity optomechanical system can also be studied by set-
ting ∆1 6= ∆2. The photon blockade phenomenon of
the passive cavity 1 is studied and shown in Fig. 8(b)
with different detunings of the active cavity 2. We find
that the perfect photon blockade can also be achieved
even when the detunings of the two cavities are different.
However, the location of the perfect photon blockade is
∆1 = g
2/ωm − ∆2 (see Appendix B), which is related
to the optomechanical coupling strength, the mechanical
frequency, and the detuning of the active cavity 2. The
perfect photon blockade is located at ∆1 = 0 when the
detuning of cavity 2 is chosen as ∆2 = ∆1 + g
2/ωm [see
the red square line in Fig. 8(b)]. Those results indicate
that the main reason for the occurrence of the perfect
photon blockade is the balance gain-loss ratio in the PT -
symmetric double-cavity optomechanical system and the
different detunings of the two cavities only affect the lo-
cation of the perfect photon blockade.
Finally, we briefly discuss the experimental feasibil-
ity of the present proposal. The PT -symmetric cou-
pled cavity systems have been widely studied in the ex-
periment [69–72]. However, the single photon optome-
chanical coupling strength g is still difficult to reach
the coupling region (g > κ1) for current experiments,
e.g., g ∼ 10−3κ1 in photonic crystals [88] and microres-
onators [89]. Though the present proposal can achieve
8the photon blockade with g ≪ ωm, which has relaxed the
experimental requirements for the usual optomechanical
systems [33–39], it still requires the optomechanical cou-
pling is comparable to the cavity decay g ∼ κ1, which
is still difficult for current experimental techniques. On
the other hand, the effect of PT symmetry on photon
blockade might be proved in the PT -symmetric coupled
system including a Kerr-type nonlinear medium, where
the required Kerr-type nonlinear strength is just about
10−1κ1 and can be implemented experimentally.
V. CONCLUSIONS
In conclusion, we have studied the photon blockade
effects in PT -symmetric double-cavity optomechanical
system, where the optomechanical cavity is passive and
the other one is an active cavity. Through the analytical
solution and numerical simulation, we respectively obtain
the equal-time second-order correlation functions, which
are used to describe the photon blockade effects and agree
with each other very well. We find an interesting phe-
nomenon, where both of the cavities can be blocked at
the same time when the detuning of the system equals
to an appropriate value. Furthermore, we find that the
photon blockade phenomenons are completely different
in the broken and unbroken PT -symmetric regions of
the system. The CPB induced by the anharmonicity of
the eigenenergy spectrum occurs only in the unbroken
PT -symmetric region. However, the UPB coming from
interference between paths with gain and loss can occur
whether the system is in the broken or unbroken PT -
symmetric region.
We strictly analyze and discuss the reason for the oc-
currence of the perfect photon blockade via the CPB and
UPB theories, respectively, and find that the present
UPB is slightly different from the usual UPB theory.
Moreover, to further explain the photon blockade mech-
anism, we study the correlation function with the non-
PT symmetric situations, e.g., unbalance gain-loss ra-
tio or unequal detunings. Those results indicate that
the perfect photon blockade can be achieved when the
gain-loss ratio is balance and the unequal detunings just
change the location of the perfect photon blockade. Com-
pared with the traditional optomechanical system, the
photon blockade in the PT -symmetric double-cavity op-
tomechanical system does not require the strong optome-
chanical coupling strength and can be achieved with the
weak parameter mechanism, i.e., g ≪ ωm and J < κ1.
Therefore, our proposal might be more feasible in experi-
ment and would contribute to the generation of the single
photon source.
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Appendix A: double-passive-cavity optomechanical
system
Here, as a comparison, we study the photon block-
ade of the double-passive-cavity optomechanical system;
namely, κ2 = −κ1, where the system is non-PT symmet-
ric. Similar to the calculation in Sec. III A, we can obtain
the steady-state probability amplitudes
C10 =
2ωmE(2∆1 − iκ1)
2g2(2∆1 − iκ1)− ωm[(2∆1 − iκ1)2 − 4J2] ,
C01 =
−4JωmE
2g2(2∆1 − iκ1)− ωm[(2∆1 − iκ1)2 − 4J2] ,
C20 = 2
√
2ω2mE
2(2∆1 − iκ1)2[g2 − ωm(2∆1 − iκ1)]/M,
C11 = 8Jω
2
mE
2(2∆1 − iκ1)[2g2 − ωm(2∆1 − iκ1)]/M,
C02 = 8
√
2J2ω2mE
2[2g2 − ωm(2∆1 − iκ1)]/M, (A1)
with
M = {2g2(2∆1 − iκ1)− ωm[(2∆1 − iκ1)2 − 4J2]}
×{4g4(2∆1 − iκ1)− g2ωm[5(2∆1 − iκ1)2 − 8J2]
+ω2m(2∆1 − iκ1)[(2∆1 − iκ1)2 − 4J2]}. (A2)
To achieve the photon blockade of the cavity 1, we need
to choose a set of system parameters to make C20 = 0.
That is to say, the system parameters should satisfy the
follow relations{
12∆21 − 4∆1 g
2
ωm
= κ21 > 0,
4∆1(g
2 − 4∆1ωm)2 = 0.
(A3)
It is easy to find that the above relations cannot be sat-
isfied at the same time. That is to say that the perfect
photon blockade of the cavity 1 cannot be achieved with
the weak parameter mechanism in the double-passive-
cavity optomechanical system. In addition, the param-
eter conditions of C02 = 0 and C11 = 0 are also unsat-
isfed due to J 6= 0. So we can conclude that the per-
fect photon blockade cannot be achieved in the current
situation. However, when the optomechanical coupling
strength is enhanced [61] or the location of the driving
field is changed [62], it will become possible to achieve
the perfect photon blockade with the strong system pa-
rameters. Here, we would not discuss them in detail.
Appendix B: unequal detunings
For the non-PT symmetric system with different de-
tunings, ∆1 6= ∆2, we can also obtain the probability
9amplitudes via solving the Schro¨dinger equation. Here,
the probability amplitude C20 is
C20 = 2
√
2ω2mE
2(2∆2 + iκ1)
2[g2 − ωm(∆1 +∆2)]/
{[4J2ωm + (2∆2 + iκ1)(2g2 − ωm(2∆1 − iκ1))]
×[4J2ωm(2g2 − ωm(∆1 +∆2)) + (2∆2 + iκ1)
×(g2 − ωm(∆1 +∆2))(4g2 − ωm(2∆1 − iκ1))]},
(B1)
where C20 = 0 can be obtained when ∆1 +∆2 = g
2/ωm;
namely, the perfect photon blockade is located at the
point of ∆1 = g
2/ωm−∆2. That means that the perfect
photon blockade can be achieved even when the system is
non-PT symmetry and the location of the perfect photon
blockade is related to the system detunings.
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